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Abstract 

The characteristics of power processors, which 
are defined b> thruster and spacecraft requirements, 
strongly Impact the overall performance ano cost of 
electric propulsion systems. This paper presents 
the results of tests and analyses conducted to eval- 
uate simplified power processing. A two grid 30-cm 
diameter mercury ion thruster was operated, with 
only su power supplies, over the baseline J-serles 
thruster power throttle range with negligible Impact 
on thruster performance. An analysis of the Func- 
tional Model Power Processor showed that the compo- 
nent mass and parts count could be reduced consider- 
ably and the electrical efficiency Increased slight- 
ly by only replacing power supplies with relays. 

The input power, output thrust, and specific Impulse 
of the thruster were then extended, still using six 
supplies, from 7660 watts, 0.13 newtons, and 
298C seconds (maximum baseline values) to 
9130 watts, 0.37 newtons, anc 3870 seconds, respec- 
tively. Increases in thrust and power density will 
enable reductions in the number of thrusters and 
power processors required for most missions. 
Preliminary assessments of tne impact of thruster 
operation at increased thrust and power density on 
tne discharge characterist ics, performance, and 
lifetime of the thruster were also m.aoe. 

Introduction 

The 30-cm diameter mercury (hg) ion thruster, 
proposed for solar electric propulsion, has evolvec 
to a state of technology readiness. ^ Functional 
model power processors (FKFF) have been builtj*^ 
and art presently being endurance tested witn base- 
line J-series. thrusters.- The major purpose of 
the fMPP IS tc condition tne unregulatec solar array 
power into the various regulated voltages and cur- 
rents needed tc satisfy tne thr,.ster operating re- 
Quiremerts. Tne F‘'Pr was designed tc meet tre re- 
quirements o< 3C cm thrusters as they we't perceived 
in 1972. Those requirements were specified to 
accomr-cdate a very broac spectrum o^ solar electric 
propulsion missions which included planetary^' and 
Earth orbital’ missions. The resultant F^PP 
allows great flexibility in thruster operation but 
at the cost of power processor complexity. As shown 
in Fig. 1, the FrPf has K power Supply Outputs 
which provide the power required by the thruster. 

Reference 8 presented initial results of a pro- 
gram to evaluate reductions of the thruster-power 
processor interfaue requirements and thereby reduce 
the m.ass and cost, and increase the efficiency anc 
reliability of proposed thrust subsystems. This 
paper presents the results of further tests anc 
analyses conducted tc evaluate tne impact of power 
processor Simplifications on thruster performiante 
and FVPp properties over baseline conditions. 

The payload capability of any solar electric 
propulsion, mission IS enhanced whe' the propulsion 
system mass is reduced wltnOut compromising opera- 
tional lifetime. One way of reoucmg the propulsion 
system mass is to reduce the num.ber of thrusters and 


power processors by Increasing the thrust and power 
per thruster-power processor combination. This 
paper also presents the results of tests In which 
the thruster was operated, with six power supplies, 
and characterlaed over an extended range of thrust 
and Input power. 

Apparatus 

Thruster 

A 30-cm diameter laboratory thruster, func- 
tionally equivalent to the baseline Engineering 
Model J-series thruster, 2 was used for the tests 
presented herein. One major difference was the use 
of electromagnets, rather than perm.anent magnets, to 
provide the magnetic field In the discharge cham.- 
ber. Except as noted, the magnetic field was held 
fixed at a configuration fully equivalent to that of 
the J-series thruster. With the exception of a few 
tests, which are specified In the text, the m.agne- 
tic baffle coil and mounting tube were eliminated. 
Non-magnetic physical baffles of various diameters 
were mounted from the downstream end of the cathooe 
pole-piece. 

Powe r Supplies 

All of the data were obtained from. 60 hertz, 
laboratory power supplies. The screen and accelera- 
tor hign-voltage supplies were of a high-capacity, 
three-phase, full-wave bnoge rectifier design. Tne 
discharge, magnetic baffle, electromagnets, mam anc 
neutralizer keeper supplies were single-phase, full- 
wave, rectified sources. The resistive heaters were 
powered with six alternating cumert supplies. 
Because the electromagnetic field is usually prc- 
vioeo by pernanent m.agnets, the two magnet supplies 
were not counted ir. power supply tallies. 

Facility 

The tests were corcucteo u a C.9-m cia-eter 
bell jar of the 7.6-m diameter by 71.A-n. lent vacuum 
tank at Lewis fiesearcr. Center. Tre facility pres- 
sure was about 5»3»1D*6 torn for all tests. 

EfJli'AL and Discussion 

A 30 cm oian.eter hg icn thruster was testec 
with a reduced number of power supplies over a' 
extended range of thrust ano input power. The re- 
sults of those tests are presentee below anc are 
separatee into two sections. The first describes 
thruster operation Over the basellt.e range 0< ir.p.t 
power (0. 7-7.7 kk] with a reduced number o* powc 
Supplies tor single point and variable inp„t pcwr- 
operation. A preliminary assessm.ent of the impact 
of reducing the number o< power supplies in the f'-'FP 
1 S made. The second section describes tne results 
of thruster operation when the input power rd'ce was 
extended upward to more than 9.1 kw. Ti.e 
power Supply interface characterist ICS of s-c- 
assem.plies SuCf as the cathoce pole piece, c'sencr^t 
chamiber, ion optics, and neutralizer are alsc 
describee. 




B«seH^ Optr«tinq R«ngf 

Reoucea nunoer of poxer supplies , figure J 
shoos Ihe ir .('connection diegraiii for the biseline 
30-crr thruster tnd FMPP. Toelve pooer supplies pro- 
vide the necesserjF voUege end currents to provide 
propellant floo control, ion production, ion Kcel- 
eration, and besin neutralisation. For single point 
steady-state thruster operation (constant propellant 
rioo rates) only the five po«er supplies shoon in 
Fig. I are required. B The heater and cathode 
keeper pooer supplies are required only during 
startup. Vacumr relays oere uttd, as shoon in 
Fig. 2, to alloo the startup functions of those four 
supplies to be provided by the five steady state 
supplies.^ In addition, the magnetic baffle coil and 
pooer supply oere eliminated and the three Hg vapor- 
izers oere ope'a'.eo in parallel from one supply. 
Filed adjustable resistors, in series oitn the 
vaporizers (Fig. 2) oere used to obtain the neces- 
sary currents to the vaporizers. To start tne 
thruster, vacuum relays 51 through Sd oere closed 
(Fig. 2) to provide pooer to the appropriate resis- 
tive isolator and cathode heaters. After sufficient 
•preheat" time had elapsed, the vaporizer pooer oas 
applied. When the propellant flo* rates from the 
cathode and neutralizer vaporizes oere about 100 and 
SO equivalent milliamperes, respectively, soitches 
51, 52, and 5d oere actuated. This applied the open 
circuit discharge voltage to the cathpoe keeper ano 
anode and the open circuit neutralizer keeper volt- 
age to tne neutralizer keeper electrode. The cath- 
ode keeper discharge »as established almost imre- 
diately and oc-lc couple to tne arpoe »itnr 10 sec- 
onds. Tne neutralizer discharge »as usually estat- 
lishe; •unin lo seconds o' s»itch actuation. 

Tne high voltages could no* be applied as usual 
to evtract the 'on beam. Relay 53, ohicn replaced 
the cathode keeper supply, could be opened before or 
a'ter bear e«traction, »ith nt differences in tnrus- 
ter performance notec at ary operating point over 
the throttle range Or o-ring the mgr. voltage re- 
cycle sed-ence. iccuioral ir'ormatior on thruster 
•start up" »un a similar con' igurat lor may be found 
in Ref. S. The use o' douMe-endec isdator or 
cathode heaters •Oulc permit t"e elimmatio' of 51 
or 52. 

For single pcmt operation the evperimental 
thruster »as started »itn me three vaporizers con- 
nected ir paralle' as sho»r ir Fig. i. The vapor- 
izer Supply Output pc»er *as controlled via a feed- 
bac« loop from the bea" current. The variable re- 
sistors »ere adjusted to vary tne cathode fIo» rate 
in order to set me discharge voltage anc alto to 
adjust me neutralizer flo» rate to abc-t <0 eg. 
ma. The thruster could men oe shut oo»n, resta'teo 
•ithOut adjusting the resistors, and be controlled 
at the original bean current and discharge voltage. 
This procedure *as oemorstrated, for single point 
operation, at several values o< beam current from 
0.75 to 2.0 A. If desired for lifetime consioera- 
tiors, small variations in the discharge voltage 
(<1 V) could oe corrected by adjusting tne discharge 
Current (<1 A . 

As evplamed in Ref. 6, the range of efficient 
and stable operation is limited «ner tne cathode and 
m.air Hg flo» rates are not independently con- 
trolled. It IS desirable to operate thrusters of 
this oesigi at near constant cathode and neutralizer 
propellant flo» rates. Large variations cf beam 
Current require large variations in mam flo» rate 


and thus, separate control of the main vaporizer. 
Therefore, a sixth po»er supply uill be necessary 
Khen mission considerations require large variations 
of beam current. 

As an alternative method of pover throttling. 
Ref. 8 shooed that the use of three-grid ion optics 
mould aliom about a 3.7:1 variation of beam poaer at 
a constant beam current of 2.0 amp. This approach 
mould only ruquire the five supplies shomn in Fig. 2. 

The experimental thruster has been operated at 
fixed conditions mith only five pomer suplies and 
over the baseline pomer throttle range mith six 
pomer supplies. 

Impact on pomer processor pr^erties . An 
analysis mas made of the impact of reducing the num- 
ber of pomer supplies (and associated components) in 
the FHPP to that shomn in Fig. 2. Parameters of the 
FHPP mhich mere compared mere component mass, parts 
count, anti electrical efficiency. Table I lists the 
values of these parameters for FHPP anti the percent- 
age change for the five ano six supply pomer pro- 
cessors. For single point operation the anticipated 
reduction in mass and parts count are 14 anti 37 per- 
cent. respectively, mhile the electrical efficiency 
mas estimated to increase by 1.6 'Piercent. Tne need 
for a separate main vaporizer to Allcm bear current 
variatio. . mould slightly negate some of these im- 
provements. use of a nem circuit design, such as 
that describee in Ref. 10, for tne vaporizer and 
neutralizer keeper pomer supplies moulo permit total 
retiuctions of component mass and parts court of 20 
and 50 percent, respectively, from that of the pre- 
sent FMPP. In addition, tne large reduction in the 
number of parts moulo be expectec to permit a reduc- 
tion. in the reuuirec structure. 

liiyact on thruster anti pumer processor perfor - 
mance . The perforir.ance of the experimental tnrus- 
ter, operateti mitn a tantalua nor-m.agnet ic baffle, 
•as coriareo mitn tnat of tne baseline J-series 
thruster. Decreasing the baffle diameter from 5.f 
to 5.1 cm, to allom nominal tnruster operating 
paramcelers at the maiimum pomer point of the 
J-senes pomer throttle profile, mas the orly 
attempt at optimizing tne thrus'er perforrance. 

As tne thruster mas pomer throttled ocm'marc 
from the 2 to 1 amp bean current points, at a con- 
stant tiischarge voltage o' 32 v, the cainoce f Ic* 
rate renamed nearly constant. J-senies thrusters 
normally operate over this range mitn a nearly con- 
stant magnetic baffle current and catnode flcm 
rate. Operation of tne J-$eries tnruster at lomer 
values of bean current results in discharge m- 
stabilities unless the magnetic baffle curre't m- 
creased to raise the discharge im.pedahce arc thereby 
cause an increase tne catnode flom rate. Operation 
of the eiperimental thruster at values of bean cur- 
rent less than 1 ampere mas attained by lomering the 
discharge voltage set point fror 32 to 3C volts and 
raising tne discharge current to m.amtam values c* 
discharge pomer per bean ampere equal to those c* 
the 0-series throttle profile. Taole II snoms tnat 
Over the baseline pomer throttle profile, tne mea- 
sured propellant utilization efficiency mas betmeen 
2 and 2.6 percent lomer than that of prese't 
u-SerleS thrusters. hOmever, optical SPtCtrprr'rr 
measurements indicated a lA percent recuctu' u tne 
ratio of dOubly tc singly chargee lors, •' ic' S--- 
gest that the correotec propella't utilizatio' e"'- 
ciency mas only about 1 percent lomer than tnat c' 


thf J-i«ries thruster. Over the throttle renge, the 
elettricil efficiency of the thruster veriea fro*i 
0.? to 1.3 percent greater thir that of the J-series 
thruster because there «ere no power losses for the 
cathode keeper or wgnettc baffle. When thruster 
efficiency variations are combined with eapected 
power processor efficiency gains (Table I) the total 
efficiency of the thruster and power prxessor is 
increased slightly (<1 percent) over that of the 
J-series th'uster and the present FMPP. 

titended Operating Range 

Power supply requirements . The e»perimenta1 
thruster was operated with si> power supplies over a 
range of thruster input power which was varied from 
0.7 to 9.1 kw. The beam current was varied from 
0.75 to 5.0 amp. With respect to the FMPP, the dis- 
charge current capability was increased from 14 to 
about 50 amperes. The beam voltage ano current 
capabilities were increased from 1100 volts to 
2.1 amp to 160C volts at 5.2 amp. The accelerator 
grid voltage capability was also increased from 500 
to 1000 volts. The supply used for operating the 
three vaporiyers in parallel had a current capabil- 
ity of 5 amperes. The neutralizer keeper current 
capability was Increased from 3.0 to 4.3 amp to heat 
the neutralizer cathode. The main vaporizer supply 
was unchanged. 

Impact on thruster performance . The eiperi- 
mental thruster was operated with values of input 
power up to 9133 watts as tne bear current was in- 
creased to 5 amp. Tne total accelerating voltage 
was increased only as needed to satisfy the per- 
veance reguiremer.ts. The net-to-tctal aCwelerating 
voltage ratio was held nearly constant (0.75*0.03) 
to minimize the beam divergence of the two-gno 
optics. A justmert of the bea* voltage in this man- 
ner led to near m.iniinom values of specific impulse 
and near maximum values of the thrust to power 
ratio. Figures 3 arc 4 present the thrust and 
thruster efficiency as functions of input power ano 
specific impulse, respectively. Tables II and III 
list the values of tnrusler parameters useo to cal- 
culate the thruster performances show' in Figs. 3 
arc 4. for comcarisor, typical data for the case- 
lire 2-series tnruSler art also prtsertec. For val- 
ues p‘ inp.’. power UC to 2bC.' watts the outp.t 
thr„st of Cbtr tr-usters are see' (fig. 3 Ic be 
nearly ec-al. from 2bbC ic 9*3. watts of inp..t 
power tne outp-i thrust increased less than linearly 
from C.13 to 0.31 h. The thrust-to-puwer ratio de- 
creased with increasing input power because me bear 
voUage had to be increased ,lo satisfy the perver- 
an;e relationshii ' as the beam Currert was in- 
creased. The thruster efficiencies (Fig. 4) of bctn 
thrusters were nearly the sart for values o' speci- 
fic impulse up to about 300C sec. As the beam cur- 
rent and input power of the experimental thruster 
were increased the thruster efficiency increased 
with tne spe. ific impulse but at a slower rate. 

This occurred because tne thrust loss factor de- 
crease more than offset the power ano propella't 
efficiency increases. It should be noted that this 
thruster was only optimized for operation at lower 
power so that some gams in efficiency, especially 
the propellant utilization efficiency, would be 
expected with minor effort. 

During thruster operatiot Over the 13;1 power 
throttle range of Figs. 3 and 4, the neutralizer 
vapori I temperature varied less than 20* C as tne 
bear Cc ent was reduced fro* 5 to 0.75 arv. All 


three vaporizers rKeived thermal Input from their 
respective heaters as well as radiation and conduc- 
tion from the thruster discharge chamber. As the 
thruster was throttled down in beam and discharge 
power the radiated and conducted contributions de- 
creased. In fKt, the main vaporizer heater power 
remained nearly constant and the power to the cath- 
ode and neutralizer vaporizers had to be increased 
as the beam current was decreased. This behavior is 
also typical of J-series thrusters. 

Thruster s'jbassemfaly characteristics . Several 
properties of four thruster subassemblies ana their 
sensitivities to propellant flow rates are discussed 
below. 

Cathode pole piece: The cathode pole piece 
assembly consists of: the hollow cathode; the cath- 
ode keeper electrode; the 7.6 cm diameter by 2.5 cm 
long magnetic cylinder which shapes the upstream end 
of the main discharge magnetic field; ana the baffle 
which physically ano electrically separates the 
cathode discharge from the main discharge. The 
degree of separation depends on the baffle diameter 
and essentially determines the cathode propellant 
flow rate at any given thruster operating point. 

When a magnetic baffle is used to provide a variable 
magnetic field in the baffle-pole piece opening in- 
dependent control of the cathode fW rate is 
achieved. Normal values of cathode flow rate 
In J-senes thrusters are between 8C anc IOC ec. 
ma. Values less than 60 eg. ma lead to discharge 
Instability while values greater than loc eg. ma car 
lead to bistable operation. 13 )n addition. 

Ref. 12 has sr.own that tne propellant utilization 
efficiency decreases about 2 percent for every 
IOC eg. ma above the nonr.al range. 

Figure 5 shows the variations in cathode flow 
rate obtained when the experimental thruster was 
operated without a magnetic baffle over a range of 
bear current from 0.75 to 5.0 amp at values of dis- 
charge voltage of 26, 3C, and 32 volts. All o' the 
experim.ental thruste'- data of figs. 3 arc 4 arc 
Tables I! ano II! were obtained at pcir.ts shew ir 
Fig. 5. In general, at a giver, value of cischa'-ge 
voltage, there was little variation in catnoct f lo» 
rate as the oex- current was oeceasec fror atc-t 

5.0 tl *.5 am;, huwtvei, there was COrsiderat.i 
variation ir cathode flow rate as the bea' c-rreit 
was decreased fron 2.5 arc. Tne piysica' ca" le 
diameter was selected to give normal catnoot flu- 
rates at a discharge voltage of 32 volts ever must 
of the baseline power throttle range. A decrease i-" 
baffle diameter would be expected to pemii inr,.ster 
operation at values of bean current above a a";, 
discharge voltage of 26 volts, and near consta't 
norm.al values of cathode flow rate. Tnis optmiza- 
tion technigue should lead to propellant utilization 
efficiency increases of about 4 percent. However, 

It would procacly prec luoe operation at I. -er values 
of beam current at discharge voltages Of 26 volts or 
mere. 

The experimental thruster was operated wiin a 

5.1 cm diameter twc-piece baffle for 6'- ncu'-s at a- 
average beam current of about 2.4 amp (C.75 to 

5 amp , discharge voltages between 26 arc 3. ve'ts. 
and ar average catnyae flow rate of about 2ou tc. 
ma. wear rates of tne upstream ana dowstrea" 
pieces of the baffle, calculated frem mtasurtc 
weight losses and tnicxness measurements were *c.i 
and 7 angstroms per hour, respectively, ke'erences 
14 and 15 Show that the erosion rot, of t'c O.w- 


stream side of the biffle decreases a' the discharge 
voltage is decreased, which is consistent with the 
low erosion rate measured here. The/ also indicate 
that the erosion rate of the upstream side of the 
baffle is relative!/ insensitive to discharge volt- 
age. However, the high erosion rate measured here 
was unexpected and was apparent!/ the result of a 
nonlinear combination of increased beam current, 
discharge current, and cathode flow rate. 

Operation of 30 cm thrusters at a beam current 
of S amp, low discharge voltage, and values of dis- 
charge power per beam ampere of about 200 requires 
cathode emission currents of about 40 amp. A 
3-series design cathode (0.7S nr diameter orifice) 
was operated for 9SC hours at emission currents up 
to 42 amp (20 amp average) with no measurable ero- 
sion or change in orifice dimensions. Reference 16 
presents the results of tests in which three cath- 
odes with different orifice diameters (1»0.25 mr) 
were tested for 500 hours at 40 amp emission cur- 
rent. Mantenieksl^ nas tested a 1.9 nr diameter 
orifice cathode at a 40 amp emission current for 
more than 5000 hours with no measurable erosion. 
Based on these results there does not appear to be 
an/ problem in designing and fabricating long life 
high current cathodes. 

The cathode to keeper electrode discharge was 
alwa/s initiated with keeper potentials of 40 volts 
or less for nearl/ 100 thruster starts. When the 
circuit of Tig. 2 was used, the discharge suppl/ 
open circuit voltage of 40 volts »as apcliec to ti-e 
keeper. The ballast resistor limited tne keeper 
Current to values 0^ about 1 ampere. Wnen the lo» 
work function surface t' the cathode »as properl/ 
conditioheo, ignition alwa/S occurred with on!/ 40 V 
applied to the keeper electrode, at cathode flo« 
rates of 80*20 eq. ma. For some tests a separate 
keeper suppl/ was used. It was found, as expected, 
that the keeper voltage required for ignition de- 
creased with increasing cathode flow rate: The 

catncoe discharge coupled tc tne anode (4C V open 
circuit voltage wrer the catnooe flow rate reacnec 
about 120*20 ec. ma. The m.atn flow rate for these 
tests was constant at aocut 350 eq. m.a., which is 
representative ot tne value at tne enp of preheat 
with nc main vaporizer power applied. At higher 
values of main flow rate igritior anc coupling 
occurred at nearly, tne sa-e t 

Thus, it nas been shown t tne thruster ma/ 
be operated efficient)/ at values of bean current 
from 2.5 to 5 ampere without the neeo for a vanatle 
magnetic baffle. This occurs because tne catnooe 
flow rate reouireo rem.ains near)/ constant. The 
value of cathode flow note required for a given 
value of discharge voltage m.a/ be determined b/ tne 
selection of sue of tne ph/sical baffle. The keep- 
er voltage required for reliaple initiation of tne 
cathode-keeper discharge does not neec to be higher 
than the open circuit voltage of tne discharge sup- 
pl/ thereb/ eliminating the neeo for a catnooe keep- 
er Suppl/. There do not appear to be an/ lifetime 
or operational problems wun cathodes required to 
provide the emission current necessar/ for operation 
at high beam current. But, an unexpected!/ nigh 
erosion rate of the upstream side of the pn/sica) 
baffle was experienced when tne thruster was oper- 
ated at values of catnooe flow rate, emission cur- 
rent, and bear current greater than those of tne 
baseline thruster. Oetenrination of the cause and 
elimination of this erosion is required for long 
life operation at nigh values of bear current. 


Discharge chamber: The primar/ purpose of the 
discharge power suppl/ is to provide power to the 
discharge plasma. Thruster requirements include the 
need for operation at 32 volts or less (greater val- 
ues of discharge voltage cause larger fractions of 
multipl/ charged ions which lead to increases in 
discharge chamber component erosion^i^o) and the 
abilit/ to handle an anode current about 6 times the 
beam Current. The voltage/current characteristics 
of the main discharge are strong functions of the 
magnetic fields in tne cathode pole piece-baffle 
aperature and main discharge chamber as wel' as the 
cathode and main propellant flow rates. Figure 6 
shows the discharge voltage-current relationships 
for the experimental thruster operated with and 
without the magnetic baffle. With the magnetic baf- 
fle the thruster was operated at constant cathode 
and main propellant flow rates for four values of 
magnetic baffle current (equivalent to four differ- 
ent fixed baffle diameters). Propellant utilization 
efficiencies of 0.8 or more occur on the portion of 
each curve to the r<gnt of the minimum discharge 
voltage. The minimum discharge voltage increases 
with increasing magnetic baffle current as does the 
plasma impedance. For an/ value of magnetic baffle 
current, the plasma impedance decreases with in- 
creasing discharge current. For comparison. Fig. 6 
also shows the discharge characteristic for the same 
thruster operated without a magnetic baffle, with a 
ph/sical baffle diameter of 5.7 cm, the cathode flow 
rate at the nominal operating point was 208 eq. ma. 

In the normal efficient region of thruster opera- 
tion, tne trends of the discharge volt-amp charac- 
teristics are similar with anc without the use of 
the magnetic baffle. 

Figure 7 shows the discharge voltage anc bear 
current as functions of the discharge current for 
the experimental thruster operated with propel lart 
flow rates required for a nom.inal beam current of 
3 amp. The shapes of tne curves are t/pical of 
those for other values of beam current. The cur- 
rent, energizing the main magnetic field, was va'iec 
for iwc ratios of catnooe tc main propellant flow 
rates. As before, efficient thruster operation 
occurs to the right of the minimum discharge volt- 
age. From Fig. 7(a), the plasma impeoance decreases 
from abOul 2 to i ohms, with increasing discharge 
Current or decreasing magnet Current. Ir tie regior 
of efficient operatior, arc for the sam.e magnet cur- 
rent, the discharge voltage is lower arc less se'S'- 
tive to discharge current variations wner tne cath- 
ode flow rate is nigh. In all cases the apparent 
discharge chamber perform.ance improves with increas- 
ing magnet Current, pnmaril/ due to an inurease ir 
the discharge voltage. But, increases in the dis- 
charge voltage reduces thruster lifetime as men- 
tioned earlier. Trends of reduced discharge compo- 
nent erosion with decreasing discharge voltage, ever 
at inr (-easing beam current, were indicated speciros- 
copicall/ and were near!/ loentical tc tnc'e re- 
ported in Ref. 9. However, as in Ref. 9, the nri- 
mxj.r discharge voltage attainable, which gave staple 
efficient thruster operation, was about 26 volts. 
Compared to the ma«imium screen gno erosion rale of 
the J-senes thruster operated at a beam current o' 
2.0 amp, 9 me spectroscopic results indicate eto.t 
a factor of two increase for a thruster operated at 
a beam current o' 5 amp and a discharge voltage c’ 

26 volts. This implies a screen grio lifetime c' 
about 15 000 hours. 

An attempt to operate efficient 1/ at lowe' val- 
ues of discharge voltage h/ flow g all of me pre- 



pellint through the cithode, as done In Ref. 19, oas 
unsuccessful. It appears that long life, efficient 
operation of a 30 cm diameter Hg thruster at high 
values of beam current »il1 require atudif ication of 
the discharge chamber. The most 1ike1> areas of 
redesign are the shape and strength of the main mag- 
netic field. Current progress in these areas are 
described in Refs. 16, ?0, 21, and 22. 

Ion optics: All of the data presented herein 
mere obtained uith a set of t«o-grid optics of the 
J-series thruster design. The minimum total accel- 
erating voltage, for a given beam current, 

Jg, may be calculated from the follouing empirical 
perveance relationship for close-spaced (-0.5 mm) 

30 cm diameter dished grids: 

Jg = 1.4»10-‘ V^TM 

uhere the beam current is in amperes and the minimum 
total voltage is in volts. 

Normal operation, ana> from the minimum voltage 
limit, requires appro imately an additional 200 
volts. Uith close spaced optics, the maximum total 
voltage is limited by electrical breakdoxn to about 
250C volts. The normal range of the net-to-total 
accelerating voltage ratio for two-grid optics is 
0.6 to 0.6. Values lowe- than 0.6 cause severe beam 
defocusing and accelerator grid ion impingement 
while values greater than about 0.6 allow external 
electrons to baexstrear into the discharge champer. 

Thruste' operatior at the maximum ratio of out- 
put thrust to input power implies operatior at tne 
mir.imxir possible beam, voltage and m.ax imum bear cur- 
rent. Thus, the baseline thruster is power throt- 
tled near the perveance limit. In the present FMPP 
operation, the screen grid voltage is linearly re- 
duced with the beam current and the accelerator grid 
voltage is regulated to a constant 300 volts. If it 
were advantageous to the power processor design, 
both voltages could be reoucec during powe- throt- 
tling as long as the perveance, foCuSing, anc oacx- 
strearing limits were satisfied. Furthermore, tne 
use of three-gno optics, which extent the range of 
the nel-to-total voltage ratio oc»r tc about 0.2, 
may allow sufficient power throttling at a constant 
bear Current. This would simpl'*> the O'seharge 
requirement but require separate negu'atior of tne 
screer arc accelerator gno voltages.^ 

Neufraluer; A 6C hertz, full wave rectified 
laboratprj power supply was used with a current 
regulator ano vacuum relay, 54, for the neutralizer 
heater and keeper discharge functions as shown in 
Fig. 2. Open circuit voltages of 35 volts or less 
were used to initiate tne neutralizer discharge. 

The neutralizer keepei discharge started when the 
neutralizer flow rate was at least 50 eq. ma. The 
neutralizer keeper current was tnen set to 2.1 amp 
and tne flow rate controlled to give a keeper volt- 
age of 12 to 13 volts. No data were taken without 
beam extraction. 

The Space Electric Rocket Test 11^3 (g[p’ n) 
used the neutralizer keeper voltage to adjust the 
neutralizer flow rate because tne keeper voltage was 
found to be proportional to the spa,ecra't potential 
or thruster floating potential (neut alizer common 
with respect to facility ground). The neutralizer 
flow rate controls the spacecraft potential or 
thruster floating potential. Reference 2< indicated 
increased difficulty with this scheme for larger 


thrusters operated at higher values of beam cur- 
rent. For the experimental thruster, the neutral- 
izer keeper voltage and the thruster floating poten- 
tial (lener diode damped at a maximum value of 60 V) 
were measured as functions of neutralizer flow rate 
and beam current and are shown In Fig. 6. The keep- 
er current was held fixed at 2.1 amp, the value for 
the J-series thruster. It can be seen that the 
keeper voltage became lest sensitive to flow rate 
with increasing beam current and It, therefore, lets 
desirable as a control parameter. However, the 
floating potential, which Is the actual parameter of 
Interest to be controlled, varies more gradually as 
the beam current is increased and, thus, appears to 
be more useful for control purposes, if necessary. 
Using neutralizer hardware, which was optimized for 
a beam current of 2.0 amp, and laboratory power sup- 
plies, the minimum neutralizer flow rate (oefineo 
here as the value at the knee of the flow rate- 
floating potential curve) increased from about 40 to 
52 eq. ma as tne beam current was increased frem 
2 to 5 amp. Near the minimum flow rate the ficjti — 
potential decreased about 0.5 V per anv of bea' 
Current. 

No extensive recycle data were taken but at 
flow rates equal to or greater than the mirimu' 
value, the neutralizer keeper diadharge remained 
lit, without increasing the keeper current, during a 
high voltage recycle as required by the J-series 
thruster ano FHPP. Recycle times with the labora- 
tory supplies were about 5 seconds compared to 
35C msec for that of the FMPP. The reliability of a 
successful thruster recycle increases with neutral- 
izer flow rate anc may be traded for thruster 
performance. 

Figure 9 shows how the keeper voltage and 
floating potential varied with keeper current iu 
several values of beam current and neutralizer i .... 
rate. As mentioned earlier, the normal operaf -. 
keeper current for the J-series thruster was 2.1 a"; 
anc was. therefore, the point of Departure ic tnex‘ 
tests. When the beam current was 2 am,; anc neutral- 
izer flow rate was 3b eq. ma., a decrease of me 
keeper current of only 0.1 amc would have no effect 
or the keeper voltage but would cause tne floatirg 
potential to decrease rapidly. Increases m tne 
keeper Current would cause tne keeper voltage tc 
increase anc the floating potential to decrease 
slightly. Increasing the flow rate tc At arc '3 eq. 
ma. permittee reductions in the keeper current tc 
1.4 and 0.25 amp, respectively, before the floatiru 
potential rapidly decreased. The keeper voltage, at 
these flow rates, was insensitive to variations it 
keeper current. But, with increasing keeper current 
the keeper voltage became more sensitive to varia- 
tions of propellant flow rate. These trerds were 
similar to those obtained for neutralizer opera:'.'" 
at higher values of beam current (Fig. 9). There- 
fore, it appears that some trades can be mace be- 
tween power Supply capability and neutralizer flow 
rate which may provide alternative approaches to 
neutralizer operatior. 

Observation of tne leutralizer orifice after 
more man lOOu hours at values of bean current up tc 
5 amp revealed only a slight chamfennu p< the o' i- 
fice whict IS typical of J-series harj»are. 

while the J-senes neutralizer was capat'e of 
provioing adequate neutralization o* ion beans ut tc 
5 amp, the ability to cortrpl the neutralizer f Ipw 
rale via me keeper voltage decreased wim mpreas- 



Ing bcain current. The neutrittier herdwtre end/or 
control pMlotphy will probibljr be chtngea to el low 
tlnple, efficient operetlon it higher veluet of bcem 
current. 

Concluding Bemerkt 

A 30 cm diameter Ng Ion thrutter, similar In 
design to the J-series thruster, was operated at 
ftaed conditions with on1> five power supplies and 
was throttled over the baseline power range with sla 
supplies. An analysis of the FNPP showed that the 
component mass and parts count would be reduced by 
about 14 and 3S percent, rcspKtIvely, and the elec- 
trical efficiency would be Increased about 1.5 per- 
cent by only replacing power supplies with relays. 

By Introducing new circuit designs additional reduc- 
tions In the component mass (6 percent) and parts 
(19 percent) and an Increase In the electrical effi- 
ciency (0.4 percent) would be expected. The impact 
on thruster performance of reducing the number of 
power supplies was to lower the propellant vt1 Illa- 
tion efficiency about 1.0 percent and raise the 
electrical efficiency values from 0.2 to 1.3 percent 
over the throttle range. The thruster-power pro- 
cessor system efficiency would be expected to In- 
crease slightly (4 percent) over that of the base- 
line system using J-serles thrusters and the FMPP. 

The same experimental thruster was also charac- 
teriied over ranges of Input power, output thrust, 
ana specific impulse of 690 to 9130 watts, 0.037 to 

0.374 newtors, ana 1860 to 3620 seconas, respective- 
ly, using only six power supplies. In particular, 
the cathoae pole piece, oischarge chamoer, ion 
optics, ana neutralizer subassemMy operating char- 
acteristics were oocumenteo. In summary, the thrus- 
ter could be operated efficiency over a 13:1 range 
of input power, which includeo values of beam cur- 
rent from 5 amp to 0.75 amp, without a variable mag- 
netic baffle. Both the cathode-keeper ano the 
neutralizer-keeper discharges coula be initiated in 
a normal manner with open circuit keeper voltages of 
3C to 4C volts which eliminatec the neeo for tne 
cathode keeper supply ana the high voltage section 
of the neutralizer keeper supply. Neither cathoae 
showec any abnormal wear from operation at high val- 
ues of beam Current. Results of spectroscopic ob- 
servation of the discharge chamber inaicatec a 
screen grio erpsion rate, at a beam current of 
6 amps, of about twice that of the J-senes thruster 
or a lifetime of about 16 OOC hours at the higher 
value of beam current. The only thruster component 
which showfO evioence of limiting the lifetime of a 
thruster, operatec at values of beam current up to 
6 amp, to less than 15 OOC hours was the upstream 
side of the physical baffle which separates the 
cathode from the discharge chamber. 
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TABLE 1. - POWER PROCESSOR CHARACTERISTICS 
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